Abstract General classes of mechanisms for generating small neutrino masses are surveyed from a top-down (superstring) perspective. In particular, string constructions have motivated various possibilities involving higher-dimensional operators, string instantons, and wave function overlaps in large or warped extra dimensions. These may yield small Dirac masses, Majorana masses via the Weinberg operator, or Majorana masses from a seesaw mechanism, though the latter typically differ in detail from the more conventional GUT models. Possibilities for mixing between light active and sterile neutrinos are surveyed.
INTRODUCTION
Neutrinos have played an important role in probing or testing the standard electroweak model, QCD, the structure of the nucleon, the interior of the Sun, the dynamics of core collapse supernovae and other violent astrophysical events, and recently even the interior of the Earth. The neutrino masses are especially intriguing, even compared to the (also not understood) quark and lepton masses: they are much lighter, two of the three mixing angles are large, they could be either Dirac or Majorana, and there are even hints of mixing between active and sterile neutrinos. The small neutrino masses could be inversely proportional to large new physics scales, as in superstring theories or grand unification, or they could be associated with physics at the TeV or intermediate scales. The physics responsible for neutrino mass might also explain baryogenesis through an initial leptogenesis mechanism, and could even be associated with the breaking of such fundamental symmetries as CP T or Lorentz invariance.
There have been many classes of models for neutrino mass (for reviews, see, e.g., (1, 2, 3) ), including the minimal seesaw (4, 5, 6, 7) , variations in which the role of sterile neutrinos is played by neutralinos in R-parity violating supersymmetry, extended seesaws involving additional mass scales, and Higgs triplet models.
There are also models with small Majorana and/or Dirac masses generated by higher-dimensional operators or by loop effects (usually with the lowest-order terms forbidden by new symmetries), models of the flavor structure associated with broken family symmetries, and models involving hidden or mirror sectors, large or warped dimensions, or nonperturbative effects.
Especially popular are the minimal seesaw models, in which a heavy Majorana sterile neutrino mixes with an active neutrino. The heavy scale may be as low as a TeV, but it is often assumed to be associated with an SO(10) GUT model, perhaps combined with a flavor symmetry. Such models are very attractive, since no unbroken gauge symmetries forbid such sterile Majorana masses, and it is generally believed that "if they are not forbidden than they are obligatory".
The minimal seesaw also connects nicely with leptogenesis (8) , and it is in some sense a minimal extension of the standard model (SM).
However, the minimal seesaw is not the only possibility. Some of the assumptions, such as a large Majorana mass, may not be allowed by new symmetries at the TeV scale. The assumption that Majorana masses are obligatory also needs to be examined: in a theory not including gravity they could be forbidden by an unbroken global lepton number (L) symmetry, unless some new L-violating ingredient (such as a Higgs 126-plet in SO (10) ) is added explicitly 1 . Moreover, some of the ingredients, such as the large Higgs representations that are often invoked in SO (10) , or even the existence of a separate stage of grand unification in the effective four-dimensional theory, do not always emerge easily in superstring constructions. While some form of the seesaw may occur for some string vacua, it may be very different in detail from the conventional "bottom-up" version. Furthermore, alternatives such as small Dirac masses from higher-dimensional operators, small Majorana or Dirac masses from exponentially suppressed nonperturbative string instantons, or wave function overlap effects in extra-dimensional theories, have been suggested. Some of these string-motivated possibilities suggest new TeV-scale physics and symmetries, which may have implications for the LHC, electroweak baryogenesis, etc. It is the purpose of this article to explore some of these ideas.
Basic Concepts for Neutrino Mass
A Weyl fermion is the minimal fermionic degree of freedom. It consists of two components: e.g., a left-chiral fermion ψ L (satisfying P L ψ L = ψ L ), and its CPconjugate, the right-chiral antifermion ψ c R = P R ψ c R . (It is a matter of definition which is called the fermion.) The chirality projection P L,R = 1 2 (1 ∓ γ 5 ) coincides with helicity for a massless particle. ψ c R is essentially the Hermitian conjugate 2 of ψ L , and exists whether or not CP invariance holds.
An active (also known as ordinary or doublet) neutrino, is in an SU (2) doublet with a charged lepton, so that it has conventional charged and neutral current weak interactions. There are three light active neutrinos ν aL , a = e, µ, τ (the SU A sterile (a.k.a. singlet or right-handed) neutrino is an SU (2) singlet. It therefore has no interactions except for Yukawa couplings to the Higgs, interactions due to mixing, or new interactions beyond the standard model. A right-chiral sterile ν R has a left-chiral CP conjugate ν c L . Most extensions of the SM involve 1 Global symmetries are thought to be violated by gravitational effects (9, 10) , but the simplest assumption is that gravity would induce Majorana masses mν ν 2 /M P ∼ 10 −5 eV or smaller (11) , where ν ∼ 246 GeV is the electroweak scale and M P ∼ 2 × 10 18 GeV is the reduced Planck scale. This is much smaller than the observed scale. A fermion mass term in the Lagrangian density describes a transition between right and left Weyl spinors:
where m can be taken to be real and non-negative by choosing an appropriate relative ψ L,R phase. An intuitive connection is that a massive fermion that is right-handed in one Lorentz frame is left-handed in another frame in which the three momentum is reversed, while the helicity of a massless particle (which has no rest frame) is invariant.
A Dirac mass connects two distinct Weyl spinors (usually one active and one sterile):
where, in the second form, ν D ≡ ν L + ν R is the Dirac field. ν D (and its conjugate 
is active (sterile)). It can be generated by the vacuum expectation value (VEV) of a Higgs doublet, just as for the quarks and charged leptons, as illustrated in Figure 1 , yielding
where γ D is the Yukawa coupling and √ 2 v = ν ∼ 246 GeV is the weak scale.
The problem is understanding why γ D is so small, e.g., γ D ∼ 10 −12 for m D ∼ 0.1 eV, as compared to γ e ∼ 3 × 10 −6 for the electron. Possible explanations for a small Dirac mass include higher-dimension operators, string instantons, or large or warped extra dimensions.
A Majorana mass describes a transition from a Weyl spinor into its own CP conjugate. Majorana mass terms can be written for either active neutrinos (ν L ) or sterile neutrinos (ν R ):
The second forms emphasize that a Majorana mass term also describes the creation or annihilation of two neutrinos or antineutrinos. In the last forms,
are Majorana fields for the active and sterile states, respectively. Each is self-conjugate and has two-components.
Majorana mass terms violate lepton number by ∆L = ±2, and can therefore lead to neutrinoless double beta decay (ββ 0ν ). An active Majorana mass term also violates weak isospin by ∆t 3 L = ±1 (hence the subscript T , for triplet), and can be generated by a Higgs triplet, with a small Yukawa coupling γ T and/or a small VEV φ 0 T , as illustrated in Figure 1 . Alternatively, it can be due to a higher-dimensional operator involving two Higgs doublets, with a coefficient C/M, where M is typically associated with a (large) new physics scale. Majorana mass terms for a sterile neutrino are SU (2) invariant. In principle they can be due to a bare mass term, but in most models these are forbidden by new physics constraints, and are instead generated by, e.g., the VEV of a SM Higgs singlet field S. Unlike the Dirac case, the phase of a Weyl spinor with a Majorana mass is fixed by the requirement that the mass is real and positive, leading to extra observable (in principle) Majorana phases in ββ 0ν in the extension with two or more families.
Dirac and Majorana mass terms can be present simultaneously. For one active and one sterile neutrino,
where the superscripts imply that these are weak eigenstates. The (symmetric) mass matrix must be diagonalized, leading, in the general case, to two Majorana mass eigenstates ν iM = ν iL + ν c iR = ν c iM , i = 1, 2, where
A ν L = A ν * R are unitary matrices, and the mass eigenvalues m 1,2 are related by U ai ν iL , where U is the unitary PMNS matrix (13, 14) , and similarly for their CP conjugates ν c iR .
Top-Down Models
Superstring theories (for introductions, see, e.g., (15, 16, 17, 18, 19, 20) ) are perhaps the most promising and ambitious ultimate extensions of the SM: they are mathematically-consistent finite theories that treat matter and the microscopic interactions on a uniform footing, and they naturally incorporate quantum gravity. There are actually several classes of string theories, thought to be different limiting cases of a somewhat mysterious underlying M theory and related to each other by dualities, e.g., one weakly-coupled theory is the strong-coupling limit of another. However, string theories are extremely complicated. Consistency requires six extra space dimensions, which are presumably compactified on a scale
GeV is the reduced Planck scale.
The string scale M s is typically assumed to be comparable to M P , but could be much smaller if some of the extra dimensions are much larger than the others.
In general, up to constants, one expects
where V δ ∼ R δ is the volume of δ internal dimensions and g s 1 is the string interaction strength. Complicated manifolds for the extra dimensions are required to obtain realistic theories (e.g., allowing chiral fermions). These include the large class of Calabi-Yau manifolds and the somewhat simpler orbifolds. In the latter, points related by discrete transformations are identified, and string calculations can be performed using conformal field theory techniques.
In recent years, the situation has become more difficult by the realization that there is an enormous landscape of possible string vacua (perhaps 10 600 or more), The "oddball" neutrino masses are especially interesting in this connection since they may be directly connected to high-scale physics and since there are so many possibilities depending on the point in the string landscape. In principle, a given string vacuum would uniquely predict all details of the neutrino spectrum, such as the type of hierarchy, mixing angles, Majorana or Dirac nature, and overall mass scale. This is to be contrasted with grand unification and most bottom-up models, which by themselves shed little light on the details of the hierarchy and mixings until supplemented with extra family symmetries and other model-dependent assumptions. In practice, however, the landscape is so varied that it is difficult to construct fully realistic models or to make reliable predictions about the details of the neutrino (or other particle) spectrum. We will therefore concentrate instead on general mechanisms for small neutrinos masses, and related issues such as the underlying scales, the role of L conservation or violation, and the possible connection with new TeV-scale physics and symmetries.
Superstrings
Strings may be thought of as one-dimensional vibrating objects, which may be open or closed. Ordinary particles, gauge bosons, and gravitons, which appear to be point-like on scales large compared to M −1 s , correspond to massless vibrational modes, while string excitations are modes with mass of O(M s ). The heterotic string theories (28), based on E 8 × E 8 or SO(32), involve closed strings. These states may propagate freely in the extra dimensions with zero momentum or have non-zero quantized momentum of O(j/R) (Kaluza-Klein excitations). There are also winding modes of energy O(kR T ), where T ∼ M 2 s is the string tension, corresponding to the string winding k times around the compact dimension. We also mention twisted modes, in which the string is trapped at a fixed point of, e.g., the orbifold point transformation. These are illustrated in Figure 
Neutrino Mass Suppression Mechanisms
Consider a generic Yukawa coupling and fermion mass term for Weyl fermions ψ L,R and complex scalar ϕ:
We wish to consider plausible mechanisms in which γ and/or m are extremely small, e.g., γ = O(10 −12 ) and m = O(eV). One can of course simply choose these as the renormalized values of the parameters, and in fact (in this example) they are protected against large radiative corrections because the symmetry of the theory increases when they vanish (i.e., they are technically natural (29)).
However, the small values may instead parametrize some underlying mechanism.
One possibility is that the terms in (9) are forbidden by some additional beyond the standard model symmetry (gauge, global, or discrete), but that higherdimensional operators (HDO) such as
are allowed 4 . Here, S i and S ′ j are SM singlet fields that are charged under the new symmetry, M represents some underlying new physics scale that has been integrated out, and c p and d q are dimensionless coefficients, which are sometimes absorbed into M. (For simplicity we will denote the operators in (10) by S p /M p and S q+1 /M q .) For example, the effective Yukawa for p = 1 can be generated by mixing ψ with a heavy fermion Ψ, with
implying M = M Ψ and c 1 = γ ϕ γ S . When S in (10) acquires a VEV the symmetry is broken, yielding an effective Yukawa coupling c p S p /M p or mass
The HDO may be associated with heavy states that are exchanged at tree level or which occur in loops. If the state is a particle that is part of the underlying four-dimensional field theory (as in the toy example above or in GUT models) it will be referred to as field theoretic. If it is associated directly with an underlying string theory (e.g., by the exchange of string excitations) it will be called stringy,
In heterotic models the hierarchies of, e.g., quark and charged lepton masses are often associated with stringy HDO, typically with S /M s ∼ 1/10 for some of the S fields.
Another possibility for small couplings or masses is due to geometric suppressions associated with extra dimensions 5 . Interaction strengths in theories with large or warped extra dimensions are proportional to the wave function overlaps in those dimensions, which can be very small, e.g., if some of the particles are confined to the boundary of a large dimension (the brane), while others can propagate freely in the bulk of the dimension. Similarly, in the intersecting brane constructions, when three stacks of D6 branes form a triangle in the extra dimensions, as in Figure 2 , there will be a Yukawa interaction between the states at the corners. This is related to the action of the string worldsheet stretching between the corners, and is proportional to e −A , where A is the area of the triangle. Hierarchies of interaction strengths are therefore associated with geometric area factors, and very small couplings can be obtained for large A. More complex nonperturbative D instanton suppressions will be introduced in Section 2.
SMALL MAJORANA MASSES
Many models for Majorana neutrino masses can be parametrized by the Weinberg operator (11)
with two Higgs doublets arranged to transform as an SU (2) triplet. In (12),
and lepton flavor indices are suppressed. In supersymmetric notation, the corresponding superpotential term is
where L ≡ (N E) T and H u ≡ (H + u H 0 u ) T are respectively the lepton and up-Higgs chiral supermultiplets.
The GUT Seesaw
The Weinberg operator may be generated by heavy particle exchange in the effective four-dimensional theory, such as in grand unification (1, 2, 3, 31) . For example, SO(10) GUTs can lead to either the type I (heavy Majorana sterile neutrino) or type II (heavy triplet) seesaws (or both), as illustrated in Figure 3 .
In SO(10) each family of fermions (including ν R ) is assigned to a 16−plet, while the Higgs doublets are contained in a 10-plet, 10 H . The simplest way to generate a large Majorana mass for ν R at the renormalizable level is to introduce a 126-dimensional Higgs representation 126 * H , which contains a SM singlet φ S that is assumed to obtain a VEV near the GUT scale, i.e.,
yielding a sterile Majorana mass m S /2 ∼ γ S φ S . An alternative to the 126 * Hplet (32) is to introduce an additional Higgs 16 * H with a large VEV for the SMsinglet component, and assume a HDO
This could be associated with a hybrid model, in which the HDO in (16) Orbifold GUTs are reviewed in (31, 33).
The Heterotic Seesaw
String theories often involve an underlying grand unification. However, a full GUT theory does not necessarily survive into the effective four-dimensional field theory. Even if the GUT gauge symmetry is present in a construction, the Higgs representations needed to break the GUT group or to generate large Majorana neutrino masses by a type I seesaw may be absent. For example, the E 8 × E 8 heterotic string may lead to an E 6 GUT (or its SO(10) subgroup) in the effective theory (34, 35, 36, 37) . However, the simplest expectation is that the matter and Perhaps more likely is that the underlying string theory breaks directly to an effective four-dimensional theory that includes the SM. Some GUT features, especially in the gauge sector, may be maintained. However, the GUT relations for Yukawa couplings are often not retained (34, 35, 36, 37) . There may also be stringy constraints on the matter content and Yukawa relations, and higherdimensional operators, similar to those in (16), may occur.
In supersymmetric constructions, sterile Majorana masses may be generated by HDO superpotential terms such as
where N c is a left-chiral sterile antineutrino superfield, S is a SM-singlet superfield, S is the VEV of its scalar component, and c S is a dimensionless coefficient.
(17) is easily generalized to a product of q +1 distinct singlet fields, and to include neutrino familiy indices. Similarly, a Dirac mass term is associated with Many of these studies argued that Dirac and Majorana mass terms for a seesaw were possible, often after making additional assumptions. However, a detailed study of the F and D flatness conditions in a large class of vacua of the bosonic Z 3 orbifold, including superpotential terms through degree 9, found that only two out of twenty patterns of vacua had Majorana mass operators, while none had simultaneous Dirac operators of low enough degree to allow neutrino masses larger than 10 −5 eV. On the other hand, it was shown in (57, 58) that there is a "fertile patch" of the landscape of the Z 3 × Z 2 orbifold in which there are many models involving operators of high dimension (e.g., p ∼ 1 · · · 5, q ∼ 0 · · · 7) that can lead to a seesaw. These typically involve mixing with many (O(100)) singlet N c candidates, which may help to increase the mass of the light neutrinos. These often have F -flat points and do not all have W = 0, but in (59) two examples with W = 0 were exhibited.
There are therefore points in the heterotic landscape that lead to a type I seesaw, though how common is still not clear. The known examples differ in detail from GUT-type constructions. In particular, they are hybrid theories typically involving stringy HDOs of rather high degree to generate the Dirac and Majorana masses, which then produce a field theoretic Weinberg operator. Furthermore, they may involve mixing with a large number of sterile neutrinos, and they do not satisfy simple SO(10) relations.
The Seesaw from String Instantons
It is difficult to obtain canonical Majorana mass terms at the perturbative level in (17)), but the U (1) symmetries survive as global selection rules on the perturbative couplings, typically leading to a conserved lepton number 6 . This was shown in detail in two studies (60, 61) of nonsupersymmetric models with a low string scale, but holds more generally (17) .
The difficulty of obtaining Majorana masses and other needed couplings was elegantly resolved by the consideration of nonperturbative string effects. These are analogous to field-theory instantons (e.g., (62)), which are exponentiallysuppressed interaction terms associated with localized, topologically non-trivial, classical field configurations. These are typically of O(e −1/g 2 ), where g is a gauge coupling, and can lead to such effects as B + L violation in the SM. Similarly, in string theory one encounters worldsheet instantons associated with topologically- 6 Heuristically, in the simplest intersecting brane models one expects superpotential terms to involve three distinct superfields associated with the corners of a triangle.
nontrivial Euclidean string configurations localized in space-time (63) . D instantons are analogous configurations involving Euclidean D-branes (for a review, see (64) ). These D instantons may generate perturbatively absent couplings, such as Majorana neutrino masses, the µ parameter, or certain Yukawa couplings (65, 66, 67, 68 ) (see also (64, 69, 70, 71, 72, 73, 74) ). For example, a Euclidean D2 instanton in a type IIA construction can lead to couplings that are exponentially suppressed by exp (−S inst ), where the instanton action
is a function of gauge coupling g Y M and the ratio of the volumes of the D2 instanton (V E2 ) and of the relevant D6 branes (V D6 ). This is a new stringy effect, which, in contrast to field theory instantons, allows for new hierarchies of couplings. In particular, one can obtain a Majorana sterile neutrino mass
For appropriate wrappings of the instanton and brane around the internal dimensions one can find a value of M S that is large but still sufficiently below the string scale, leading to a type I seesaw (65, 66, 70, 75, 76, 77, 78) . In principle, there could also be a much larger suppression in other constructions, leading to eV-scale masses (section 4). Other applications to neutrino mass are described in sections 2.4 and 3. A stringy Weinberg operator can also be generated by D instantons (70, 76, 80) .
Theories with No
In this case the coefficient is exponentially suppressed, C/M ∼ exp (−S inst )/M s , requiring a low M s . An analysis of models with 4 and 5 stacks (80) Several authors have considered neutrino masses in F-theory (81, 82) , which is a geometric formulation of strongly coupled type IIB theory in which matter is localized along complex curves at the intersections of D7 branes. A stringy Weinberg operator may be generated by exchange of complex structure moduli (83), self-intersecting matter curves (84) , D instantons (84, 85, 86) , or Kaluza-Klein modes (87) . In the latter case, the seesaw mass may be enhanced by the exchange of an infinite tower of modes (cf. (57)).
Another possibility is to consider a type II seesaw, i.e., involving a heavy Higgs triplet (88, 89) . It is non-trivial to generate the necessary SU (2)-triplet with nonzero hypercharge in string constructions. In a heterotic construction one needs a higher-level embedding of SU (2), e.g., into SU (2) × SU (2) which is broken to the diagonal subgroup (90) . This leads in lowest order to an off-diagonal triplet Majorana mass matrix, exhibiting an L e − L µ − L τ symmetry in the simplest case. This is similar to a well-known bottom-up construction (e.g., (91)), but allows more freedom in the charged lepton sector. It may also be possible to generate the appropriate triplets in intersecting D6 brane models involving U (5) grand unification, but the existing examples are not very realistic (92). A number of authors (94, 95, 96, 97, 98) have suggested that small ν masses may be associated with supersymmetry breaking. Let us parametrize the breaking by a spurion field X with X = m X + θ 2 F X (e.g., (99) ). Typically, one expects F X /M ∼ m sof t , where M is the messenger scale and m sof t ∼ TeV is the effec-tive supersymmetry-breaking scale. A TeV-scale seesaw may be generated in a model (94, 95) involving operators
Other Higher-Dimensional Operators
in the Kähler potential and superpotential. Assuming as well that m 2 X ∼ F X one obtains m S ∼ m sof t and m D ∼ (m sof t /M) 1/2 v u , leading to a seesaw mass v 2 u /M. For supergravity mediation, one expects M ∼ M P so that m ν is expected to be too small, similar to the stringy Weinberg operator. m ν could be enhanced by a lower M or other mechanisms (96) . Similar considerations can lead to L-violating masses for the scalar neutrinos,ν L , which can generate ν L masses at loop-level by neutralino exchange (97, 100). Non-holomorphic operators, e.g., involving the "wrong" Higgs doublet, typically lead to strong suppressions of O(m sof t /M) (99, 101) . This has been exploited in a model (102, 103) involving the non-holomorphic Kähler term
where H d is the down-type Higgs doublet andH d is essentially its adjoint. The
is the MSSM µ parameter. This implies a suppressed mass m ν ∼ µv 2 u /M 2 , suggesting a mediation scale M ∼ 10 8 GeV.
Other higher-dimensional operators have also been suggested, including those involving quark fields, which can lead to ν masses by quark condensation (104) or by loops (105, 106) , and those leading to TeV-scale seesaws (107) . It is also straightforward to construct operators leading to eV-scale sterile neutrino masses (section 4).
SMALL DIRAC MASSES
String constructions, such as those based on intersecting branes, may involve a conserved lepton number that forbids Majorana masses, at least at the perturbative level. It is also possible that Majorana masses are present but are negligibly small. It is therefore interesting to consider theories with small Dirac masses.
One possibility is that the Yukawa coupling γ D in (3) or in a superpotential term W D = γ D LH u N c is of similar origin but much smaller than those for quarks and charged leptons. For example, the lowest allowed p in (18) could be large, though no concrete models have been proposed. Similarly, in a type IIA construction the area of the triangle between the L, H u , and N c intersections (see section 1.4) might be much larger than those for the other couplings due to some anisotropic large internal dimensions. This is unlikely for the simplest supersymmetric constructions involving toroidal orbifolds (108) , but may be possible for more general manifolds. Similar suppressions involving large anisotropic dimensions have been found in a heterotic Z 6 orbifold (109) and in a type I construction (110, 111) .
In the following sections, however, we will focus on constructions and models in which the Dirac neutrino masses are of a different character from those of the other fermions. In many cases, the mechanisms imply new physics observable at the LHC or relevant to cosmology.
Power Law (HDO) or Exponential (D Instanton) Suppressions
Barring extreme fine-tuning, a very small Dirac Yukawa coupling suggests that the renormalizable-level perturbative coupling should vanish. This can be enforced by a spontaneously broken symmetry of the low energy theory, which might also forbid or suppress Majorana mass terms. Possibilities include nonanomalous U (1) ′ gauge symmetries, global symmetries associated with a family symmetry or anomalous U (1) ′ , or discrete symmetries such as Z n (including the possibility of discrete gauge symmetries (112)). Tiny Dirac masses may then be generated by a variety of plausible sub-leading mechanisms.
For example, a low-scale symmetry may forbid a tree-level Dirac Yukawa, but allow a higher-dimensional operator such as
where S is a SM singlet, or the analogous Lagrangian term in a non-supersymmetric theory (42, 43, 98, 113, 114, 115) . This yields a naturally small Dirac mass m D ∼ S v u /M, which is of the observed magnitude for S /M ∼ 10 −12 . For M = M P this implies S ∼ 10 3 TeV, as in the Z ′ -mediation model (116) . Somewhat lower M would imply S at the TeV scale, suggesting such new physics as a Z ′ , extended Higgs/neutralino sectors, and exotic fermions at the TeV scale (22, 23) . In many cases, the same S could lead to an NMSSM-like dynamical µ term (117), enhancing the possibility of electroweak baryogenesis (e.g., (118) ). The heavy particles associated with M could also lead to Dirac leptogenesis (119, 113) .
The small Dirac masses may also be associated with supersymmetry breaking.
For example, the Kähler potential term (94, 95, 97, 98, 120, 121 )
implies m D ∼ m sof t v u /M, which is ∼ 0.1 eV for m sof t ∼ 1 TeV and M ∼ 10 15
GeV. The strong suppressions in non-holomorphic models are well suited for neutrinos. For example, the Kähler term
leads to a small Dirac masses m D ∼ m sof t v d /M (122), while
found in an F-theory construction (87) 
Wave Function Overlaps in Large or Warped Extra Dimensions
There have been many brane-world models involving large (128, 129) Small Dirac masses can emerge naturally if not only gravitons but sterile ν R can propagate in the bulk, while the SM particles are confined to the brane (131, 132) .
Expanding the bulk state wave function in Kalzua-Klein modes and evaluating the zeroth mode on the boundary, one finds a Dirac mass 
where it is assumed that operators of lower dimension are forbidden by a new be important for most purposes. However, even a small splitting between the components of a pseudo-Dirac neutrino would lead to significant transitions of Solar neutrinos into the sterile states (149) . The current observational limits impose the stringent constraint |m T,S | 10 −9 eV. Possible future observations of astrophysical neutrinos from more distant sources would be even more sensitive.
OPERATORS AND SCALES
A number of HDO for m D , m T , and m S have been discussed in the previous sections, involving a variety of new physics scales M, singlet VEVs S , and dimensions. Much of this can be summarized by the generic HDO-induced masses
where p, q ≥ 0 and r ≥ 1 are the lowest dimensions allowed by the symmetries of the theory. It should be emphasized that, e.g., S p may be a shorthand sufficiently small mass splitting for m T,S < 10 −9 eV, which holds for all S for (q, r) > 1.
